We investigated murine salivary Muc19, in vivo and in vitro, to protect against dental infections. Results: Muc19 attenuates dental infections by Streptococcus mutans and promotes its aggregation. Evidence for human salivary MUC19 is presented. Conclusion: Murine Muc19 helps limit colonization via clearance of S. mutans. Significance: A role for Muc19 in clearance expands upon acknowledged innate immune functions of salivary gel-forming mucins.
Demineralization of teeth (i.e. dental caries) resulting from the production of organic acids by bacteria within overlying biofilms (i.e. dental plaque) continues to be among the most prevalent infectious diseases in developed as well as developing nations (1, 2) , particularly among under-privileged groups (3) . Streptococcus mutans is highly associated with dental caries worldwide, but it is also linked to bacterial endocarditis and to atheromatous plaques (4, 5) , indicating an interconnection between oral health and cardiovascular diseases. Hence, efforts to understand and treat oral diseases have potential ramifications to the development and progression of serious systemic disease.
Through a combination of innate and adaptive immune mechanisms, the oral cavity establishes a homeostasis with the commensal microbiota that is subject to disruption by changes in diet or in immune status, thus allowing opportunistic pathogens to flourish. In particular, recurrent ingestion of fermentable carbohydrates promotes the selection of bacteria proficient at metabolizing carbohydrates to organic acids (i.e. acidogenic organisms) and that then thrive in the resulting low pH environment (i.e. aciduric).
Saliva plays a major role in innate immunity of the oral cavity, protecting hard oral surfaces through its flushing action, buffering of acids, promotion of re-mineralization, bacteriostatic and bactericidal activities, and functioning in selective adherence of commensals and in clearance of acidogenic microorganisms (6 -8) . Glantz (9) proposed saliva is organized into a continuous phase composed of electrolytes in water, less watersoluble proteins, salivary micelles, other heterotypic complexes, lipoid material, and cells (i.e. bacterial and released epithelial cells) all intertwined within a scaffold-like network structure. The network structure is due largely to intermolecular interactions of gel-forming mucins that impart saliva with its weak gel characteristics to function in lubrication and hydration (7, 10, 11) . Intermolecular interactions between gel-forming mucins include calcium-mediated cross-links and disulfidemediated oligomers (12) . Mucin monomers as large as 2.9 ϫ 10 6 Da are also present in whole saliva (13) .
Gel-forming mucins are a major component of whole saliva (14) , and in humans are the exocrine products of salivary mucous cells of the major submandibular and sublingual glands as well as numerous minor mucous glands lining the oral cavity (7, 8) . Besides lubrication and hydration, these mucins function to control the initial selective adherence of bacteria to tooth surfaces and further provide bacteria with carbohydrate and amino acid nutrients (7, 8, 15) .
In humans, MUC5B is well documented as a gel-forming mucin in saliva (16) , However, MUC19 transcripts were detected in human submandibular and labial glands (17) (18) (19) and glycoproteins localized to salivary mucous cells (19) . Conversely, MUC19 was undetected in human saliva in a recent proteomic study (20) . It thus remains unclear whether MUC19 contributes to gel-forming mucins in human saliva.
In adult mice, Muc19 is the dominant gel-forming mucin and is synthesized and secreted exclusively by the major sublingual glands and minor mucous glands (21) . Unlike humans, rodent submandibular glands produce a small secreted mucin, Muc10 (i.e. submandibular gland mucin), rather than gel-forming mucins (22) . Muc5B transcripts are undetectable in the major salivary glands of mice, although the numerous minor mucous glands possess Muc5b, Muc5ac, and Muc2 transcripts in addition to Muc19 (21) .
Despite the abundance of in vitro evidence supporting protective functions of individually isolated salivary components (6) , the net effects of the loss of a specific salivary constituent on the innate immune functions of saliva in vivo have not been largely explored. Because of the dominant salivary expression of Muc19 compared with other gel-forming mucins in mice, Muc19 represents an attractive candidate to test the impact of deletion of a major gel-forming mucin on the innate immune functions of saliva. We therefore assessed whether the targeted deletion of Muc19 in mice significantly impacts the development of caries upon challenge with S. mutans combined with a highly cariogenic diet. Furthermore, we evaluated changes, in vitro, in innate protective mechanisms of saliva from Muc19 knock-out mice in interactions with S. mutans, and we explored changes in the oral microbiota. We further provide extensive evidence confirming expression of MUC19 transcripts in human salivary glands and further demonstrate MUC19 glycoproteins in stimulated human saliva. Evidence for MUC5AC in saliva is also given.
EXPERIMENTAL PROCEDURES
Materials-Unless indicated, all materials were from Invitrogen. All kits were used according to manufacturer's instructions.
Animals and Collection of Tissues-The University of Florida IACUC committee approved all animal procedures. Construction and genotyping of the Muc19 Ϫ/Ϫ mouse model that targets the third through fourth exons encoding Muc19 have been described previously (23) . For this study, heterozygous females were backcrossed five times to NFS/NCr males from our own breeding colony at the University of Florida, and heterozygous N5 progeny intercrossed to generate a colony of homozygous Muc19 Ϫ/Ϫ mice.
Five mice of each sex and genotype were examined at 7 weeks of age for outward body characteristics (body shape and size; the number of digits and claws on each limb; fur color and texture on the back and belly; skin appearance; size and shape of the head; the position, size, and shape of ears; the size, position, clarity, and color of eyes; the number, position, size, and color of teeth; whiskers; the size and shape of limbs, genitals, anus, mammary glands; the color and hardness of feces; and the coloration of urine stains of the litter) and for any obvious differences in internal organs (palate, tongue, buccal mucosa, major salivary glands, esophagus, stomach, duodenum, pancreas, spleen, ileum, jejunum, cecum, colon, liver, gallbladder, kidney, adrenal glands, urinary bladder, tracheolarynx, thymus, lungs, heart, lymph nodes, mesentery, scrotum, testes, epididymisseminal vesicle, bulbourethral gland, penis, ovaries, uterus, vagina, Harderian glands, lacrimal glands, and brain).
All animals were maintained under BSL2 conditions. Animals were euthanized by CO 2 asphyxiation with confirmation of death via thoracotomy. Mice were genotyped as described previously (23) . Unless indicated, tissues were excised, blotted on filter paper, flash-frozen in liquid nitrogen, and stored at Ϫ80°C. Rat sublingual glands were from frozen stocks obtained previously as part of another study (24) .
Caries Experimental Protocol and Scoring-The caries protocol was similar to that reported previously (25) . Briefly, timed pregnancies were established using 20 breeding pairs each of homozygous NFS/NCr and Muc19 Ϫ/Ϫ mice, and pups were inoculated at 16 -17 days of age with ϳ10 l (10 8 CFU) of S. mutans UA159. The diet was converted to powdered Diet 2000 (56% sucrose) with 5% sucrose water. At 21 days of age, pups were weaned and caged in pairs with non-littermates of the same sex. Mice were weighed weekly and sacrificed 7 weeks after the initial inoculation. The left and right mandibles were removed aseptically and assayed for bacterial colonization of the molars. The buccal, lingual, and proximal surfaces of all mandibular and maxillary molars were scored for smooth surface and sulcal caries using Larson's modification of the Keyes' scoring system (26, 27) . Scores were compared by analysis of variance with the Tukey-Kramer post hoc test at 99.9, 99.0, and 95% confidence.
Recoveries of S. mutans and Total Bacteria from Molars-Procedures were as described previously (25) . Briefly, excised mandibles underwent dissection to isolate the molars. Sonicates of the molars from two non-cagemates were pooled, and serial dilutions were cultured on blood agar to estimate CFU of total bacteria. Recovery of S. mutans was determined from cultures on MSB agar (28) .
Comparison of Indigenous Oral Bacteria-Procedures were as described previously (25) . Oral swabs from mice (8 -10 weeks of age) were streaked on sheep blood agar plates and incubated under aerobic and anaerobic conditions, and total recovered CFUs for each colony morphotype were determined. Colony isolates from each of three mice of each genotype were subjected to colony PCR using degenerate primers (29) complementary to the 5Ј-and 3Ј-ends of the 16 S rRNA gene. Consensus sequences were compared with reference sequences (version 13.2) in the Human Oral Microbiome Database (30) and the Ribosome Database Project, Release 10 (31). Alignments were performed via the BLAST server at the Human Oral Microbiome Database.
Collection of Stimulated Whole Saliva from Mice-Saliva collection was as described previously (25) . Mice were anesthetized (ketamine, 75 mg/kg, plus xylazine, 8 mg/kg, i.p.); saliva flow was stimulated (subcutaneous 5 mg/kg pilocarpine, 0.5 mg/kg isoproterenol), and saliva was collected from the cheek pouch at 5-min intervals over a 20-min period.
Biofilms-For all in vitro assays with whole stimulated saliva, we used low-passage S. mutans UA159 containing the ⍀Km element integrated into the gtfA gene with the vector pBGK (32) , to confer kanamycin resistance (kindly provided by Dr. R. A. Burne). We thus avoided centrifugation of whole stimulated saliva, which promotes precipitation of a mucous gel in addition to removing small amounts of inherent microorganisms. The gtfA gene does not alter carbohydrate metabolism of S. mutans, except for melibiose and raffinose (33) . Caries development by this strain is unaffected (34) , and collected saliva produced no colonies under anaerobic conditions on blood agar containing 1 mg/ml kanamycin (data not shown).
Assays were carried out in 96-well plates containing hydroxyapatite discs (Clarkson Chromatography Products Inc.). Samples of mouse saliva were resuspended to a concentration of 63% (v/v) in saliva buffer (SB: 50 mM KCl, 1.0 mM KPO 4 , 1.0 mM CaCl 2 , and 0.1 mM MgCl 2 , pH 6.5) plus of 1 mg/ml kanamycin (SBK). Wells received 100 l of saliva or SBK, and plates were incubated for 30 min at 37°C. Kanamycin-resistant S. mutans UA159 cultured overnight in brain-heart infusion medium plus kanamycin (1 mg/ml) was diluted 1:10 in the same medium and cultured further at 37°C in air, 5% CO 2 to mid-log phase and then diluted 1:100 in pre-warmed semi-defined biofilm medium (BM: basic salts, vitamins, key amino acids, casamino acids) (35) containing 1% glucose plus 1 mg/ml kanamycin and incubated 4 h at 37°C in air, 5% CO 2 . Approximately 10 6 cells in 150 l were added to wells to give a final saliva concentration of 25%. After 24 h at 37°C in air, 5% CO 2 , the medium was decanted, and biofilms were washed twice gently with 200 l of sterile 120 mM NaCl to remove planktonic and loosely bound cells. Biofilms were stained with 200 l of 5 M Syto-13 in the dark for 25 min at room temperature, and fluorescence was determined. All experimental conditions were performed in triplicate.
Aggregation Assay-Kanamycin-resistant S. mutans UA159 were prepared as described above for biofilm assays. Cell suspensions were mixed with either samples of saliva diluted in SBK to give final concentrations as indicated (v/v) or increasing concentrations of rat Muc19, or a combination of saliva and Muc19. Initial cell suspensions (A 600 ϳ0.65) were transferred to a spectrophotometer with a temperature-controlled multicuvette positioner set at 37°C. After 5 min the A 600 of each sample was recorded at 10-min intervals over a 2-h period. Percent aggregation (percent decrease in A 600 ) was calculated as (A 600 at 0 min Ϫ A 600 at 120 min)/(A 600 at 0 min) ϫ 100.
Adherence of S. mutans-Adherence assays were as described previously (25) using hydroxyapatite discs in 96-well plates and kanamycin-resistant S. mutans UA159. Briefly, wells received 100 l of diluted saliva, Muc19, or buffer (background controls), and plates were incubated for 1 h at 37°C with rotary shaking and washed twice with SBK. S. mutans in SBK (100 l) was added to wells, incubated 1 h at 37°C, and then washed with SB. Adherent cells were quantified using SYTO-13 and a standard curve. Values were normalized to the mean for cells bound to discs without saliva (100%). All experimental conditions were performed in triplicate.
Isolation of Rat Muc19 Glycoproteins-High density and high molecular weight glycoproteins were isolated from rat sublingual glands as part of a previous study (24) . Of all gel-forming mucins (Muc2, Muc5ac, Muc5b, Muc6, and Muc19) only Muc19 was expressed in this gland by RT-PCR (data not shown), and the amino acid composition of high density and high molecular weight mucin glycoproteins isolated from rat sublingual glands are as predicted for rat Muc19 (36) . Briefly, gland homogenates were pooled, and the cytosolic fraction was subjected to two rounds of cesium chloride density gradient fractionation under dissociative and reducing conditions. The resultant high density fractions were pooled and further fractionated by gel filtration under dissociative conditions. The high molecular weight material in the void volume and initial included fractions was pooled, dialyzed extensively, and lyophilized. The resultant material was free of lower molecular weight glycoproteins or proteins as assessed by SDS-PAGE (24) .
Collection of Stimulated Human Whole Saliva and Human Salivary Glands-Stimulated whole saliva was collected from three healthy Caucasian female subjects, 41-57 years of age, with good oral health. Subjects refrained from oral hygiene procedures, smoking, eating, and drinking for 2 h prior to saliva collection. To collect stimulated whole saliva, subjects chewed a piece of paraffin (about 1.5 g) for 15 min, while refraining from swallowing. The first 30-s sample was discarded. At 30-s intervals, subjects spit into a 50-ml sterile plastic centrifuge tube kept on ice that contained 0.2 ml of protease inhibitor mixture (100-fold concentrated; Sigma). Collected saliva was assessed for volume (assuming a density of 1 g/ml) and resuspended by repeated pipetting with a 10-ml serological pipette, and 1-ml aliquots were frozen at Ϫ80°C. Informed consent was obtained from all subjects. Human sublingual and palatal salivary gland tissues were obtained from human subjects within 36 h after death and immediately frozen in liquid nitrogen. An oral pathologist excised all tissues, and there were no signs of oral disease. Submandibular gland tissues were from pathologically normal tissue during surgery and obtained as frozen samples from the Cooperative Human Tissue Network, part of the Cancer Diagnosis Program of the NCI, National Institutes of Health. The seven samples were from four male and three female Caucasians, aged 40 -76, mean age of 57. For immunofluorescence experiments, submandibular gland sections were from a 44-year-old Caucasian female, sublingual gland sections from a 60-year-old Caucasian female, and hard palate sections from a 52-year-old African-American female. Samples were obtained under protocols approved by the University of Florida Institutional Review Board.
RT-PCR-Procedures were as described previously (37) . Briefly, RNA was isolated from frozen tissues or LS174T cells, and DNase I-treated RNA (5 g) was reverse-transcribed with random primers. PCR conditions and specific primers used are shown in Table 1 .
SDS-PAGE-Procedures were as described previously (21) with minor modifications. For MUC19 and MUC5B Western blots, stimulated whole human saliva was dialyzed (3,500 M r cutoff) 48 h against water containing a mixture of protease inhibitors (Sigma), lyophilized, and resuspended in SDS-PAGE sample buffer. Samples were briefly sonicated to promote complete solubilization (two 10-s pulses at 30% amplitude with a 60-s interval). Gels were stained for proteins with Coomassie Blue or stained for highly glycosylated glycoproteins with Alcian blue, with or without subsequent silver enhancement (38) .
Western Blots-Western blots were conducted as described previously (21) with the following modifications. To detect MUC5B, blots were probed overnight at 4°C with rabbit anti-MUC5B raised against 118 residues just prior to the first cysteine-rich domain (0.05 g/ml, Sigma). Nonimmune rabbit IgG (0.05 g/ml) was used as control. Blots were also probed with chicken anti-MUC19 (1.5 g/ml) raised against 24 gene-specific residues in the N terminus (kindly provided by Dr. Yin Chen) or with preimmune antibody (19) . Samples of whole stimulated saliva were used directly to detect Muc10 using rabbit anti-Muc10 (39) at 1:1,000 (kindly provided by Dr. Paul Denny). To detect gp340, we used mouse gp340 goat polyclonal antibody (1 g/ml, Santa Cruz Biotechnology). Blots were subsequently incubated for 30 min at room temperature with the appropriate secondary antibody and then processed using our published protocol.
Immunofluorescence-Immunofluorescence microscopy was carried out as described previously (23) except frozen tissue sections were fixed in acetone (Ϫ20°C) and then rehydrated in graded ethanol solutions. Sections were probed with chicken anti-MUC19 (1.5 g/ml) or with preimmune antibody (1.5 g/ml). Immunodetection was with Alexa Fluor 568 goat antichicken IgY (1:500) and DAPI counterstaining.
Statistics-Comparisons between wild type and Muc19 Ϫ/Ϫ mice were conducted with the paired or unpaired two-tailed t test or by analysis of variance with the Tukey-Kramer post hoc test using Prism 5.0 software (GraphPad Software, Inc., San Diego). Curve fitting was also with Prism 5.0.
RESULTS
Characterization of the Muc19 Ϫ/Ϫ Phenotype-We recently described the targeting strategy to produce the Muc19 Ϫ/Ϫ mouse model (23) . For this study, we backcrossed Muc19 ϩ/Ϫ mice five times to NFS/NCr mice because this genetic background produces slightly higher smooth surface caries in control mice, thus permitting better delineation of an experimentally induced decrease in caries development (25, 40) . We examined five mice of each sex and genotype at 7 weeks of age for outward body characteristics and for any obvious differences the size, shape, and color of internal organs. In all cases, no differences were noted between Muc19 Ϫ/Ϫ and wild type mice. The number, position, size, and color of teeth were also very similar as were body weight and length (data not shown). Previously, we examined histologically multiple mucin-producing tissues in mice in which we deleted Muc19 expression but inserted a reporter GFP, and we found no abnormalities (21) . No differences between the two genotypes were noted in protein profiles of parotid, submandibular, and sublingual glands ( Fig. 1A) . In rodents, these glands are distinct in secretory acinar cell types and in their major secretion products. Parotid glands contain serous cells with amylase as the major secretion product, and submandibular glands contain seromucous cells that produce the low molecular weight and non-gelforming mucin, Muc10, and sublingual glands contain mucous cells that secrete Muc19. Sublingual glands of Muc19 Ϫ/Ϫ mice do not express detectable Muc19, whereas expression of Muc10 in submandibular glands is unaffected ( Fig. 1B) . Previously, we demonstrated that sublingual glands of Muc19 Ϫ/Ϫ mice appear normal histologically and ultrastructurally, except for the absence of large and electron translucent (i.e. mucous-like) secretion granules in acinar cells (23) .
To evaluate the secretory function of the salivary system of Muc19 Ϫ/Ϫ mice, we studied stimulated saliva flow. Stimulated flow was equivalent between wild type and Muc19 Ϫ/Ϫ mice (Fig. 1C ). As shown in Fig. 1D , no differences in protein profiles were noted in whole stimulated saliva from mice of both genotypes. Staining for highly glycosylated glycoproteins indicate a 175-kDa glycoprotein in both samples ( Fig. 1E ), representing Muc10, as observed in Western blot ( Fig. 1F ). Salivary agglutinin (i.e. gp340) is well expressed in whole stimulated saliva of wild type and Muc19 Ϫ/Ϫ mice (Fig. 1G ). From Fig. 1 , E and G, it is apparent that high molecular weight glycoproteins are greatly attenuated in saliva from Muc19 Ϫ/Ϫ mice. Residual glycoproteins in Muc19 Ϫ/Ϫ saliva are due likely to contributions of 
RT-PCR primers used to detect transcripts for gel-forming mucins in human submandibular glands
The positions of primers are based on reference sequences (GenBank TM accession numbers). PCRs incorporated 1 unit of Accuprime TM Taq high fidelity DNA polymerase, 0.25 M primers, and 20 ng of cDNA. Cycling conditions were as follows: 5 min at 94°C; 35 cycles of 1 min at 94°C, 1 min at 55°C, and 2 min at 68°C followed by 7 min at 68°C.
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Muc5b from minor mucous glands (see under "Discussion"). The absence of Muc19 in Muc19 Ϫ/Ϫ mice combined with no other significant differences in phenotypic characteristics validates the use of this model system to assess the impact of salivary Muc19 on caries development.
Caries Development and Recovery of Bacteria-Muc19
Ϫ/Ϫ and wild type mice were challenged with S. mutans strain UA159 and a highly cariogenic diet. Weight gains during this period between the two genotypes were very similar for each gender, although at weeks 5-7 Muc19 Ϫ/Ϫ females were ϳ4% lower in weight (data not shown). Both smooth and sulcal caries were assessed. Smooth surface caries is an evaluation of the proficiency of bacteria to adhere and colonize the smooth vertical tooth surfaces, whereas sulcal caries appraises colonization within the long angular depressions of horizontal surfaces where molars of the upper (maxilla) and lower (mandible) jaws meet, and in which food particles tend to become entrapped (41) . As shown in Table 2 , the mean of the incidence of total carious lesions to molar smooth surfaces (E score) is more than 2-fold higher in Muc19 Ϫ/Ϫ mice compared with wild type. Furthermore, the proportional differences in caries scores further increases with the severity of lesions (i.e. Ds, Dm, and Dx scores), with up to 6-fold higher levels for the most severe type of lesion (Dx; progression into the entire dentin). The increase in smooth surface lesions occurred on surfaces juxtaposed to the tongue (lingual) and cheeks (buccal) but not to areas FIGURE 1. Phenotypic characterizations of major salivary glands and saliva from wild type (WT) and Muc19 ؊/؊ (KO) mice. A, no substantial differences are noted between wild type and Muc19 Ϫ/Ϫ mice in protein profiles for each of the three major glands, parotid (PAR), submandibular (SMG), and sublingual (SLG), by SDS-PAGE in 10 -20% gradient gels stained with Coomassie Blue. B, high molecular weight mucins, Muc19, are absent in sublingual glands of Muc19 Ϫ/Ϫ mice, whereas expression of the lower molecular mass mucin, Muc10, in submandibular glands is unaffected in Muc19 Ϫ/Ϫ mice. Mucin glycoproteins are undetected in parotid glands. SDS-PAGE 3-8% gradient gels were stained with Alcian blue with subsequent silver enhancement. Note that in A and B the glands were homogenized directly in SDS-PAGE sample buffer by sonication. C, saliva flow stimulated by subcutaneous injection of muscarinic cholinergic and ␤-adrenergic agonists measured at 5-min intervals after injection and volumes normalized to body weight (BW). Results are means Ϯ S.E. from five mice of each genotype. There are no statistical differences between the two strains of mice (two-tailed unpaired t test, p Ͼ 0.05). D, whole stimulated saliva samples (6 l) from wild type and Muc19 Ϫ/Ϫ mice display equivalent protein expression profiles in 10 -20% gradient SDS-polyacrylamide gels stained with Coomassie Blue (CB). E, whole stimulated saliva samples (10 l) from wild type and Muc19 Ϫ/Ϫ mice were briefly sonicated and run on 3-8% gradient SDS-polyacrylamide gels and stained for glycoproteins with Alcian blue (AB) and subsequent enhancement with silver (Ag). The prominent band at ϳ175 kDa is Muc10. F, whole stimulated saliva samples (6 l) from wild type and Muc19 Ϫ/Ϫ mice run on a 3-8% gradient gel and probed for mouse Muc10. G, whole stimulated saliva samples (17 l) from wild type and Muc19 Ϫ/Ϫ mice run on a 3-8% gradient gel under nonreducing conditions and either stained for glycoproteins with Alcian blue alone or blotted and probed for mouse gp340. Note that gp340 (ϳ350 kDa) stains weakly with Alcian blue and that high molecular weight mucins barely enter the gel in the absence of prior brief sonication as used in E. Keyes' scores. 20 mice were in each group. Total smooth surface caries is the sum of buccal, lingual, and proximal caries. E is enamel affected; Ds is dentin exposed; Dm is 3 ⁄ 4 of the dentin affected, and Dx is whole dentin affected.
Wild type
Muc19 ؊/؊ between teeth (proximal). In comparing these two sites, there is a trend for greater proportional increases in lesions on buccal versus lingual surfaces, although these differences are not significant (p Ͼ 0.05, analysis of variance). In comparing lesions on sulcal surfaces, total lesions in Muc19 Ϫ/Ϫ mice are 1.6-fold higher than in wild type mice. As with smooth surface scores, the proportional differences in sulcal scores increases with lesion severity, to more than 10-fold for Dx scores. The higher levels of caries in Muc19 Ϫ/Ϫ mice are consistent with recoveries from molars of S. mutans and total microbiota ( Fig. 2A) . Recovery of S. mutans is nearly 1.7-fold higher from Muc19 Ϫ/Ϫ mice compared with wild type. For total cultivable bacteria, this difference is 2.4-fold.
Smooth surfaces
Comparison of Indigenous Oral Bacteria-We determined whether deletion of Muc19 expression affects the indigenous oral microbiota. From oral swabs of uninfected mice of both genotypes, we consistently obtained seven distinct colony morphologies on blood agar under either aerobic or anaerobic culture conditions, whereas no colonies formed on MSB agar (selective for mutans streptococci). No additional colony morphologies were apparent with extended culture on blood agar. Given in Table 3 are the characteristics of each colony morphotype and their taxonomic assignments based on alignments of consensus 16 S rRNA sequences to the Ribosome Database Project. 16 S rRNA gene sequences from white colonies of cocci most closely align to uncultured bacteria assigned to the genus Streptococcus (designated S. unassigned). Five of the six species identified were shown previously to colonize mice (42) (43) (44) (45) (46) , whereas Streptococcus thoraltensis has been found in rabbits (47) . For comparisons with human oral microbiota, each consensus sequence was also aligned to the annotated Human Oral Microbiome Database 16 S rRNA reference sequences from the human oral microbiome.
We further determined total recoveries of each colony morphotype from Muc19 Ϫ/Ϫ and wild type mice (see Fig. 2B ). There were no differences in total recovered CFUs under aerobic and anaerobic culture conditions (about 1.4 ϫ 10 5 CFUs total). The absence of Muc19 induced a shift in the relative proportions of Staphylococcus xylosus, Actinobacillus muris, and S. unassigned. Most noticeable was about a 100-fold decrease in A. muris and a 120-fold increase in S. unassigned, whereas S. xylosus decreased 5.8-fold. S. thoraltensis displayed a trend toward a 10-fold higher proportion in Muc19 Ϫ/Ϫ mice (p ϭ 0.10, anaerobic, and p ϭ 0.09, aerobic). Unchanged in proportion were the species Corynebacterium mastitidis, Lactobacillus murinus, and Streptococcus danieliae, the latter representing about 75% of the total cultivable bacteria. Collectively, deletion of Muc19 expression increased the dominance of streptococcal species in the oral cavity from ϳ77 to 89%.
In Vitro Assessments of Muc19 Protective Mechanisms-To interrogate possible mechanisms through which Muc19 may interact with S. mutans to limit its colonization under highly cariogenic conditions, we conducted a series of in vitro assays using either whole saliva from wild type and Muc19 Ϫ/Ϫ mice or with Muc19 purified from rat sublingual glands (24) .
Adherence of S. mutans to Muc19 and Saliva Pellicles on Hydroxyapatite Discs-In humans, selective constituents of saliva interact rapidly with enamel surfaces to form an acquired (WT) . B, total recoveries for each of seven distinct colony morphotypes from the oral cavities of Muc19 Ϫ/Ϫ and wild type mice. Oral swabs were vortexed in brain heart infusion medium and serial dilutions streaked onto duplicate blood agar plates cultured under aerobic or anaerobic conditions. Each colony morphotype is identified by its taxonomic species assignment from the RDP database as given in Table 3 . Results are means Ϯ S.E. from cultures of oral swabs from 10 mice in each group. *, p Ͻ 0.05 for Muc19 Ϫ/Ϫ mice compared with the wild type. (48) . In contrast, S. mutans adheres poorly to salivary pellicles formed in vitro (52) . Because salivary gel-forming mucins display high affinity to naked hydroxyapatite (53) (54) (55) and are a component of the acquired enamel pellicle (50, 56 -58) , we determined whether Muc19 pellicles on hydroxyapatite influence S. mutans adherence. As shown in Fig. 3A , S. mutans adherence is reduced dramatically at low concentrations of Muc19, with near maximal inhibition of ϳ70% at 2.0 mg/ml, and with 50% of maximal inhibition at 0.03 mg/ml. We next compared adherence after pretreatment of hydroxyapatite with increasing concentrations of saliva from wild type and Muc19 Ϫ/Ϫ mice. At low concentrations, saliva from Muc19 Ϫ/Ϫ mice tends to display less inhibition of adherence, with statistical significance at 1% saliva (see Fig. 3B ). Aggregation of S. mutans-Binding of bacteria to salivary constituents can lead to bacterial aggregation and subsequent clearance from the oral cavity. We therefore examined whether Muc19 functions to promote aggregation of S. mutans. As little as 3% saliva from wild type mice is sufficient for maximal aggregation of S. mutans (Fig. 3C ). However, 1-3% saliva from Muc19 Ϫ/Ϫ mice produces markedly reduced aggregation compared with the wild type and a small but significant decrease at 10% saliva (Fig. 3D ). Although these results suggest Muc19 contributes to the aggregation properties of saliva, it is unclear whether Muc19 interacts with S. mutans directly or possibly indirectly through heterotypic complexation with other salivary constituents. We therefore assessed aggregation with increasing concentrations of Muc19 alone or when added to saliva from Muc19 Ϫ/Ϫ mice. As shown in Fig. 3E , Muc19 alone at concentrations up to 1 mg dry weight/ml has no effect on aggregation. Conversely, aggregation is greatly enhanced with addition of Muc19 to 3% saliva from Muc19 Ϫ/Ϫ mice, with aggregation approaching maximal levels observed with wild type saliva seen in Fig. 3C .
Development of Biofilms-We compared biofilm formation by S. mutans on hydroxyapatite discs in a semi-defined medium containing 1% glucose, without and with saliva from wild type and Muc19 Ϫ/Ϫ mice. As shown in Fig. 3F , biofilm formation was not significantly different among all three conditions.
Detection of Transcripts of Gel-forming Mucins in Human Submandibular Glands-In light of the important role Muc19 plays in protection against caries in mice, we compared expression of MUC19 transcripts in submandibular glands from seven human subjects. Because we previously found expression of multiple gel-forming mucins in murine minor salivary glands (21), we further assayed for the other four gel-forming mucins. Transcripts for MUC19 and MUC5B were both readily detected in all seven samples (Fig. 4A) . Interestingly, transcripts for MUC5AC and MUC6 were also detected, whereas MUC2 transcripts were barely detectable in only one sample.
Detection of Human MUC19 in Salivary Glands and Saliva-We localized MUC19 glycoproteins to mucous cells in submandibular ( Fig. 4B ), major sublingual (Fig. 4C) , and minor glands of the hard palate ( Fig. 4D) using an antibody raised against gene-specific residues in the N terminus. In examination of stimulated saliva from three human subjects by SDS-PAGE, we observed highly glycosylated glycoproteins at about 110 kDa or higher (Fig. 5A) , whereas proteins were localized near the bottom of the gel (Ͻ 100 kDa). Interestingly, saliva from subject 3 displays a prominent glycoprotein near the 171-kDa marker, possibly due to high levels of secretion of the lower mass and non-gel-forming mucin, MUC7. We probed blots of all three saliva samples for MUC19 (Fig. 5B) , and for comparison we probed for MUC5B ( Fig. 5C ). There are marked differences between subjects in reactivities of each antibody. For example, saliva from subject 1 displayed much less reactivity for MUC19, but more for MUC5B compared with the other two subjects. Furthermore, MUC19 mucins were more prominent in regions of lower mobilities than were MUC5B mucins. We also surveyed results of the Human Salivary Proteome Project (59) and annotated the domain localization of peptides aligning to gel-forming mucins. In stimulated secretions from submandibular and sublingual glands, we find three peptides aligned to the very N terminus of human MUC19 (see Table 4 ), thus providing further evidence for MUC19 in stimulated saliva. We also found two peptides unique to MUC5AC, 30 peptides unique to MUC5B, and no peptides aligning to MUC6. One peptide is common to MUC2, MUC5AC, and MUC5B, whereas 18 peptides are common to MUC5AC and MUC5B ( Table 4 ). The presence of multiple peptides shared between MUC5AC and MUC5B reflects the large degree of identity between the two apoproteins (37% by ClustalW alignment, not shown). All peptides are localized outside predicted glycosylated tandem repeat domains of each mucin apoprotein. For reference, a figure of the domain architecture for each mucin apoprotein is given in Fig. 6 .
DISCUSSION
Muc19 Protects against S. mutans Colonization and Development of Hard Surface Lesions-In a previous caries study with aquaporin 5 Ϫ/Ϫ mice in which salivary flow is reduced 60%, smooth surface and sulcal caries were only marginally increased (51 and 26%, respectively) (40) . In this study, absence of the predominant gel-forming mucin, Muc19, resulted in markedly greater increases in the incidence of total smooth surface and sulcal caries (116 and 61%, respectively). Correlated with increased caries were higher recoveries of S. mutans from molars of Muc19 Ϫ/Ϫ mice. Under highly cariogenic conditions, Muc19 therefore contributes significantly to innate protection of hard oral surfaces against S. mutans by attenuating colonization and subsequent acid-induced lesions in mice. Inference for a negative correlation between caries and salivary gel-forming mucins in humans, as observed in our mouse model, was reported by Banderas-Tarabay et al. (60) , in which the index scores in decayed, missing, and filled teeth in healthy human subjects were inversely related to the presence of high molecular mass glycoproteins in resting saliva.
Muc19 Influences the Commensal Oral Microbiota-Nonmutans streptococci represent the predominant commensals of the oral microbiota of wild type and Muc19 Ϫ/Ϫ mice, con- sistent with previous observations in humans (61) as well as laboratory mice (62) . Interestingly, expression of Muc19 promotes oral colonization of A. muris and S. xylosus, while atten-uating colonization of S. unassigned. These results highlight the importance of individual salivary constituents to impact the oral microbiota (25) and the necessity for further investigations of homeostatic mechanisms between salivary components and the oral microbiome. Moreover, we acknowledge that differences in oral ecology may have impacted colonization by S. mutans in our caries study. For example, increased colonization by S. unassigned in Muc19 Ϫ/Ϫ mice may present a more competitive environment for S. mutans (63, 64) , but if S. unassigned is acidogenic, it may have facilitated S. mutans colonization (65) . Additional investigations beyond the scope of this study are required to delineate the influence of ecological shifts on subsequent caries development.
Protective Mechanisms of Muc19 in Interactions with S. mutans-Pellicles formed with low concentrations of purified Muc19 markedly reduce adherence of S. mutans to hydroxyapatite, consistent with the results of Kishimoto et al. (66) in which pellicles of high mass glycoproteins from human submandibular-sublingual saliva diminish adherence of S. mutans. Interestingly, Nieuw Amerongen et al. (67) found that a pellicle of human salivary gel-forming mucins shields the underlying enamel surface from acid demineralization, suggesting a complete protective coating. Hence, the markedly reduced adherence of S. mutans to pellicles formed from saturating concentrations of Muc19 or from human high mass glycoproteins (66) indicates salivary gel-forming mucins are functionally analogous in humans and mice, either providing a relatively low density of binding sites for S. mutans or entrapping cells within the extended and branched mucin oligosaccharides (68) .
Pellicles formed from whole mouse saliva hinder adherence of S. mutans onto hydroxyapatite up to 60%, comparable with inhibition observed previously with rat (69) and human saliva (52, 70) . The absence of Muc19 increases adherence at only very low saliva concentrations, indicating other salivary constituents function in large part to shield hydroxyapatite-binding sites. In our assay, Muc19 may predominate in decreasing adherence at low saliva concentrations due to its selective absorbance to hydroxyapatite, a result of the abundance of gelforming mucins in saliva (7, 8) and their high affinity for hydroxyapatite (53) (54) (55) .
We find whole saliva (with or without Muc19) does not effect biofilm formation of S. mutans on hydroxyapatite when cultured in semi-defined medium containing vitamins, amino acids, and 1% glucose. To produce energy for growth and biofilm formation, S. mutans depends upon fermentation of dietary carbohydrates, and through carbohydrate catabolite repression it can elect to catabolize a preferred carbohydrate when other carbohydrates are available (71) . Our results suggest S. mutans is unable to degrade salivary constituents, including gel-forming mucins, to provide dietary substrates more preferable to glucose in promoting biofilm formation. Similarly, human gel-forming mucins are unable to support growth of S. mutans (72) unless in a defined medium without amino acids (73) or in co-culture with other species that provide enzymes to sufficiently degrade mucins for catabolism (74, 75) . Upon the consumption of sucrose by the host, S. mutans rapidly metabolizes this disaccharide to produce organic acid and also for production of a matrix of exopolysaccharides (primarily glucans) that serves as a supplemental source of carbohydrates during periods of fasting by the host, and it further promotes adherence of planktonic S. mutans expressing glu-can-binding proteins (76) . Because sucrose is highly preferred by S. mutans and readily available in the drinking water and diet of mice in our caries model, the absence of Muc19 likely had no significant direct effect on its survival and growth in supragingival plaque.
Saliva functions to aggregate and clear bacteria from the oral cavity via swallowing. Indeed, the level of aggregation of S. mutans by whole saliva from human subjects is inversely correlated with S. mutans numbers in plaque (77) . Also, a greater capacity of saliva to aggregate S. mutans is associated with caries-resistant versus caries-susceptible individuals (78) . We find maximal aggregation of S. mutans at about 3% saliva, whereas in the absence of Muc19, more than 3-fold higher saliva concentration is required for maximal aggregation. Early studies of aggregation of oral streptococci by crude high molecular weight fractions of saliva demonstrated association with constituents expressing blood group antigens (79) , such as high molecular weight mucins (80) . However, subsequent studies with highly enriched preparations of human gel-forming mucins found little bacterial binding or aggregating activities toward oral streptococci (81) (82) (83) , similar to our results with murine Muc19.
Our collective results of murine saliva and purified Muc19 are analogous to previous results with human saliva and salivary gel-forming mucins in their interactions with S. mutans in aggregation, adherence to pellicles formed on hydroxyapatite, and support of growth and biofilm formation in monospecies culture. These similarities reinforce the mouse caries model as a tool to explore mechanisms of interactions between the host and S. mutans.
MUC5B and MUC19 in Human Salivary Glands and Saliva-In prior studies using antibodies to probe saliva or glandular secretions for gel-forming mucins, only MUC5B was identified, but not MUC2, MUC5AC, or MUC6 (84 -87) . Similarly, mass spectrometry of tryptic digests of isolated salivary gel-forming mucins identified peptides for MUC5B but not for MUC2, MUC5AC, or MUC6 (12, 84, 87) . In another study, tryptic peptides from MUC5B were detected, whereas peptides predicted for MUC19 were absent in human resting saliva (20) . These collective results argue for MUC5B as the sole gel-forming mucin in human saliva.
In contrast, there is evidence to suggest at least one additional gel-forming mucin in saliva. Troxler et al. (88) detected abundant MUC5B transcripts in sublingual glands by Northern analysis, whereas MUC5B transcripts were barely detected in submandibular glands, and transcripts for MUC2, MUC5AC, or MUC6 were absent in both glands. A subpopulation of unreactive sublingual mucous cells exhibited no immunoreactivity to MUC5B antibody (86) . In sublingual gland secretions, one of two populations of mucins with different charge densities was unrecognized by MUC5B antibody (87) . Labial gland secretions from 90 subjects were nearly all reactive to anti-MUC5B antibody, whereas secretions from buccal mucous glands (89) were reactive in only 11 subjects (16) . MUC19 transcripts were detected in human submandibular and labial glands (17) (18) (19) , and MUC19 glycoproteins immunolocalized to salivary gland mucous cells (19) . We now confirm expression of MUC19 transcripts in submandibular glands from multiple human subjects as well as immunolocalization of MUC19 to mucous elements of major and minor salivary glands. More importantly, we detect MUC19 immunoreactivity to high molecular weight glycoproteins in saliva and show that mucins from the same subject display distinct patterns of MUC19 and MUC5B immunoreactivities. We also highlight peptides from MUC19 and MUC5AC in the salivary proteome database and identify MUC5AC peptides in acquired enamel pellicle (51, 57) .
How Can These Two Conflicting Bodies of Results Be Reconciled?-Extensive glycosylation can hinder apomucin identification by blocking anti-peptide epitopes or the access of proteases to polypeptide domains (84, 85) . For example, glycosylated tandem repeat sequences of mucins protect adjacent nonglycosylated regions from denaturation by acid and to proteolysis by pepsin (90) or cysteine protease (91) . Also, a MUC5B antibody raised against a polypeptide sequence shared in four of the nonglycosylated WXXW domains displays markedly enhanced reactivity after reduction of mucins, suggesting the tertiary structure of these domains in nonreduced mucins shields antibody epitopes (86) .
In the prior studies described above in which saliva or salivary glands were probed for gel-forming mucins, only one study probed for MUC19, as the gene was not yet identified, nor were antibodies available (10, 84, 86, 88, 92) . In the one exception, Rousseau et al. (20) , reported the absence of MUC19 in human saliva, as assessed by mass spectrometry, whereas Muc19 was identified in saliva of other mammalian species. Because the complete 5Ј-end of MUC19 had not been delineated, their model of the predicted N terminus encompassed the region containing three VWD 2 domains but excluded the LAT domain (see Fig. 6 ), which appears to be unique to humans. MUC19 peptides identified in the human salivary proteome are near the 5Ј-end of the LAT domain, suggesting the more downstream region containing three VWD domains is protected from attack by trypsin. Within the LAT domain are predicted serine sites of O-glycosylation. Glycosylation within this domain and/or extensive glycosylation of the tandem repeat domain bordering the VWD region may therefore hinder access to trypsin. Moreover, in their assay of tryptic peptides from the VWD regions of Muc19 from other mammalian species, horse, rat, pig, and cow, Rousseau et al. (20) detected 25, 20, 8, and 3 peptides, respectively. Because this region shares 66% protein sequence identity between the four species (20) , their results suggest species differences in steric hindrance to trypsin, possibly due to differences in the extent of glycosylation and/or oligosaccharide structures of the tandem repeat domain (93) .
Differences and Similarities in Expression of Salivary Gelforming Mucins between Mice and Humans-Although Muc19
and MUC5B appear to represent the predominant gel-forming mucin in murine and human saliva, respectively, we provide evidence for MUC19 expression in humans and previously detected Muc5b transcripts in murine minor mucous glands (21) . Nevertheless, the relative expression of these mucins in saliva of each species remains unclear. In mice, Muc5b may account for the minor population of high molecular weight mucins observed in saliva from Muc19 Ϫ/Ϫ mice. Decreased expression of human MUC19 may be related to decreased splicing efficiency of exons within the LAT domain, as splicing within this region is highly variable with some variants producing nonsense transcripts (19) . Interestingly, this domain likely represents evolutionary remnants of a splice variant of the Muc19 gene encoding a small glycoprotein, Smgc, using exon 1 and Smgc-specific exons 2-18. Smgc is expressed in mucous cell precursors during rodent sublingual gland development prior to differentiation and concomitant switching to the Muc19 splice variant, utilizing exons 1 and 19 -60 (19, 36, 37) .
An exponential expansion of the S. mutans population occurred with the development of agriculture and the accompanying increase in dietary starch, with consequential positive selection in S. mutans for genes involved in sugar metabolism and acid tolerance (94) . Assuming overlapping functions between MUC5B and MUC19 in controlling S. mutans colonization, the increase in dietary starch and associated caries pathogenesis of S. mutans may have favored increased MUC5B expression in the face of reduced MUC19 expression. Alternatively, other dietary, environmental, or microbial evolutionary pressures may have been better accommodated by MUC5B.
Previously, MUC5AC and MUC2 were immunolocalized to sporadic cells within glandular excretory ducts of human major and minor glands, whereas immunoreactivities were absent in acinar cells (95, 96) . Immunoreactive ductal cells are likely goblet cells interspersed within glandular excretory ducts (97, 98) . Our inability to detect MUC2 transcripts within intralobular tissue fragments of submandibular glands may be due to distribution of MUC2-positive cells to more distal extralobular excretory ducts (95, 96) . In mice, we reported Muc2 transcripts are barely detectable in all minor mucous glands and the major salivary glands, including the serous parotid gland (21) . We thus speculate Muc2 is restricted to goblet cells of extralobular excretory ducts, similar to humans. Our detection of MUC5AC transcripts in human submandibular glands, as well as Muc5ac transcripts in minor mucous glands of mice (21) , may also represent expression in ductal goblet cells. However, low levels of expression in subpopulations of acinar mucous cells cannot be ruled out. MUC5AC and MUC2 in glandular ducts may function in localized innate and adaptive immune responses in response to bacterial invasion (99) .
With respect to Muc6, we previously reported its absence in murine salivary glands (21) , whereas evidence of MUC6 expression in human glands is conflicting. MUC6 immunoreactivity was reportedly absent in major or minor glands (95), although in another report a few submandibular mucous cells were immunoreactive in 10% of glands sampled (100) . Our detection of MUC6 transcripts in human submandibular glands is more consistent with the latter study, suggesting that, unlike mice, MUC6 is a component of saliva, although likely a minor constituent.
Because of hindrance by glycosylation in identifying gelforming mucins, additional studies are warranted that incorporate deglycosylation strategies to more clearly delineate the contribution of all gel-forming mucin species to human saliva, their distributions among the many different salivary mucous glands, variations in expression among individuals, interactions with S. mutans, and correlations with caries prevalence. Information from such studies may provide a framework for development of diagnostic markers or treatments for patients at a high risk for caries, such as those with hyposalivary function due either to autoimmune disease or irradiation of the head and neck region (101, 102) .
Indirect Role for Muc19 in S. mutans Aggregation-Interestingly, we find that the addition of Muc19 to saliva from Muc19 Ϫ/Ϫ mice restores aggregating activity to that of wild type saliva. Because Muc19 alone has very little aggregating activity, Muc19 must participate indirectly to aggregate S. mutans, likely through formation of heterotypic complexes with other salivary constituents that bind S. mutans. At least 38 human salivary proteins (those with a predicted signal peptide) have orthologs or paralogs in saliva of mice and/or rats (103) . Unique to human saliva are additional proteins, including statherin-like proline-rich proteins, histatins, lysozyme, zinc ␣-glycoprotein, and the Ig saliva secretory complex (103) . The 22 proteins unique to mice are thought to be involved mostly in wound healing, identification, or grooming (103) .
In human saliva Wickstrom et al. (13) found oligomeric gelforming mucins in noncovalent association with salivary sIgA, lactoferrin, lysozyme, MUC7, and GP340. Similarly, Raynal et al. (12) identified noncovalent association of high density mucins with cystatin, amylase, and GP340. MUC7 and GP340 are large glycoproteins that express blood group antigens (6 -8, 104) and can bind and aggregate S. mutans (81) (82) (83) . Therefore, MUC7 and GP340 likely contributed to the aggregating activity of crude high molecular weight fractions of saliva in early studies, as the fractions were prepared under nonreductive and nondissociative conditions.
In mice, gp340 binds S. mutans as well as other Gram-positive and Gram-negative bacteria (105) . Additionally, Liu et al. (106) described mouse Muc10 and human MUC7 as homologues, as both are abundant in saliva, have protein cores of similar lengths, have N-terminal regions with similar compositions of basic amino acids, and contain two cysteines, which in MUC7 are within the binding domain of S. mutans (106) . Both mucins also have a central region with serine-and threoninerich tandem repeats, potential sites of O-glycosylation (22, 107) . The two mucin genes further share equivalent positions within syntenic genomic regions (108) . Importantly, saliva from Muc10 Ϫ/Ϫ mice display decreased aggregation of S. mutans compared with the wild type, suggesting it also binds S. mutans. 3 As described above, salivary gel-forming mucins of humans and mice exhibit similar characteristics in assays with S. mutans. Because Muc19 and MUC5B represent predominant gel-forming mucins in murine and human saliva, these two mucins apparently share many of the same functions in suppressing S. mutans colonization, suggesting at least some functional redundancies between different gel-forming mucins. We therefore hypothesize that gel-forming mucins participate in the aggregation of S. mutans by providing a scaffold for the association of salivary bacteria binding molecules (e.g. MUC7, GP340, and other constituents) as well as bacteriostatic or bactericidal proteins. These complexes thus help sequester, neutralize, and clear bacteria from the oral cavity, working in concert with constituents such as MUC7 and GP340 that may also act alone or within non-mucin-containing complexes to aggregate S. mutans. A role for gel-forming mucins in bacterial aggregation and clearance adds yet another protective role for these glycoproteins in the innate immune functions of saliva.
In light of species differences, mucin-protein interactions in mice may not necessarily be predictive of functional interactions in humans. It is therefore important to expand on our current limited information to fully delineate interactions between human gel-forming mucins and other salivary constituents and their role in bacterial aggregation and clearance.
Consideration of Mucin Glycoforms in Elucidation of Functions-Salivary gel-forming mucins are polydisperse in mass and charge densities, a result of multiple glycoforms that vary in either their extent of glycosylation and/or in their composition of several hundred unique oligosaccharides with different degrees of sialylation and sulfation (86, 109 -111) . Interestingly, human major and minor mucous glands display variations in mucin glycoforms (16, 87, 109) , suggesting localized functional differences in anti-microbial actions and possibly formation of glycoform-specific heterotypic complexes. Moreover, chronic inflammatory conditions (i.e. ocular rosacea and rheumatoid arthritis) are associated with increased sulfation of salivary oligosaccharides (112, 113) , likely due to expression of sulfotransferases in response to systemic inflammatory mediators (114) . Mucin sulfation has been shown to promote colonic barrier function (115) , adhesion of leukocytes and Helicobacter pylori (116) , and resistance to bacterial mucin-degrading enzymes (117) . Changes in mucin glycoforms in response to inflammation may therefore play a role in associated oral manifestations of systemic diseases (118) . One may further postulate that inflammation accompanying severe caries affecting the tooth dentin and pulp may modify the profile of salivary mucin glycoforms and associated functions.
MUC19 and Systemic Diseases-In light of the association of S. mutans with blood-borne infections (4, 5) , elucidation of innate mechanisms to control its oral colonization is relevant to systemic health. Recent genome-wide association studies identified MUC19 as a susceptibility gene of Crohn disease (119 -121) . Muc19 expression is absent in the gastrointestinal tract of mice (21, 122) , as well as in cattle except for inconsistent and sparse expression in jejunum (123) . MUC19 expression in the human gastrointestinal tract has not been studied extensively. We speculate that altered salivary expression of MUC19 affecting the oral microbiota may in turn influence the intestinal microbiota and immune homeostasis, through constant swallowing of bacteria aggregated within a complex containing acid-resistant gelforming mucins. Interestingly, patients with Crohn disease reportedly have higher numbers of decayed tooth surfaces compared with controls (124) . Studies of correlations between Crohn disease and salivary MUC19 may further add to the growing list of inter-relationships between the oral microbiota and both oral and systemic health (125, 126) . 
